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Abstract 

We review the recent developments in our understanding of non-BPS states and branes 
in string theory. The topics include 1) construction of unstable non-BPS D-branes in type 
IIA and type IIB string theories, 2) construction of stable non-BPS D-branes on various 
orbifolds and orientifolds of type II string theories, 3) description of BPS and non-BPS 
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4) study of the spectrum of non-BPS states and branes on a system of coincident D-brane 
— orientifold plane system. Some other related results are also discussed briefly. 
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1 Introduction 

In this article I shall review the recent progress in our understanding of stable non-BPS 
branes and states in string theory. These lectures will be based mainly on refs.[|I|, ^ 
^, ^, ^, 1^, ^, |TU|. We shall work in the convention h = 1, c = 1, and a' = 1 (string 
tension=(2-7r)~^) unless mentioned otherwise. 

Let us begin with some motivation for studying non-BPS branes. There are several 
reasons: 
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1. Stable non-BPS states and branes are very much part of the spectrum of string the- 
ory, and our understanding of string theory remains incomplete without a knowledge 
of these states. 

2. Stable non-BPS states are the simplest objects whose masses are not protected by 
super symmetry, and yet are calculable in different limits of the string coupling. 
Hence studying the spectrum of these states in these different limits might provide 
new insight into what happens at finite string coupling. 

3. A system of coincident non-BPS D-branes typically has, as its world- volume theory, 
a non-supersymmetric gauge theory. Thus they may be useful in getting results 
about non-supersymmetric field theories from string theory, in the same way that 
a configuration of supersymmetric branes can be used to study non-perturbative 
aspects of supersymmetric gauge theories. 

4. Non-BPS branes may be relevant for constructing string compactification with bro- 
ken supersymmetry. 

The plan of this article is as follows. In section ^ we shall discuss the construction 
of unstable non-BPS D-branes in type IIA and type IIB string theories. Whereas type 
IIA (IIB) string theory admits stable BPS branes of even (odd) dimensions, we shall see 
that they also admit unstable non-BPS branes of odd (even) dimensions. In section ^ we 
shall show how on certain orientifolds / orbifolds of type II string theories these non-BPS 
branes may give rise to stable non-BPS states and branes. The main point here will be to 
note that under this orbifolding / orientifolding operation the tachyonic mode responsible 
for the instability of the non-BPS brane gets projected out. The resulting brane is free 
from tachyonic mode and hence is stable. In section ^ we shall discuss the interpretation 
of the non-BPS branes in type IIA and IIB string theories as tachyonic kink solution on 
a BPS D-brane - anti-D-brane pair of one higher dimension in the same theory. We shall 
also show how the BPS D-brane (anti-D-brane) can be regarded as a tachyonic kink (anti- 
kink) solution on a non-BPS D-brane of one higher dimension. This gives a set of descent 
relations between BPS and non-BPS D-branes of type II string theories, and form the basis 
of identifying the D-brane charge with elements of K-theory|^, ^ |TT], [T2|, [T^, |T^, |T^, |TB 



Since the actual proof of these relations is technically somewhat complicated, we postpone 
the details to the appendix. 
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In section ^ we discuss the spectrum of stable non-BPS states and branes on a coinci- 
dent D-brane and orientifold plane system. The masses (tensions) of these states (branes) 
can be calculated in the strong coupling limit using various duality symmetries of string 
theory. Although for each system we use a completely different method for finding the 
spectrum, the final spectrum of non-BPS states and branes on a D-p-brane — orientifold 
p-plane system exhibits an unusual regularity as a function of p. Whether this signifies 
any deep aspect of string theory remains to be seen. Since the only similarity between 
these systems is in their weak coupling perturbation expansion, we suspect that the strong 
coupling result may be governed by large order behaviour of this perturbation expansion. 
Finally in section ^jwe discuss some related developments in this subject. This includes a 
discussion of some other non-BPS branes in type I string theory, the relationship between 
K-theory and D-brane charges, and the application of boundary state formalism in the 
study of non-BPS D-branes. We end with a discussion of some open questions. 



2 Unstable Non-BPS D-branes in Type II String The- 
ories 

2.1 BPS D-branes in type II string theories 



^ Open string 



D-brane 



Figure 1: Open strings ending on a BPS D-brane. 

Let us begin by reviewing what we know about BPS D-branes in type IIA/IIB string 
theories |T7J]. The defining property of the D-brane is that fundamental strings can end 
on a D-brane as shown in Fig.|I], although type II string theories in the bulk only contains 
closed string states without any end. The open strings with ends on the D-brane can be 
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interpreted as the dynamical modes of the D-brane. In order to compute the spectrum of 
these open string states with ends on the D-brane, we impose Dirichlet boundary condition 
on the open string coordinates along directions transverse to the D-brane, and Neumann 
boundary condition along directions parallel to the brane world- volume (including time). 
A D-brane with p tangential spatial directions is called a D-p-brane. 

Let us now list some of the properties of D-branes in type II string theories which will 
be useful to us later. 

• Type IIA (IIB) string theory admits BPS D-2p-brane (D-(2j9 + l)-brane) which are 
invariant under half of the space-time supersymmetry transformations of the theory. 

• A D-p-brane is charged under a (p + l)-form gauge field arising in the Ramond- 
Ramond (RR) sector of the theory. 

• These BPS D-branes are oriented. D-branes of opposite orientation carry opposite 
RR charge and will be called anti- D-branes (D-branes). 

(b) 

/ / \ 
' 1 

^ 7— D-brane 

(cy^ 4(d) - 




D-brane 



Figure 2: Open strings living on a coincident D-brane anti-D-brane pair. Although for 
clarity we have displayed the brane and the anti-brane to be spatially separated, we shall 
analyse the case where they coincide. 

Next we shall review properties of coincident D-brane — D-brane pair shown in Fig.^ 
They follows: 
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• Spectrum of open strings living on the world-volume contains four different sectors. 
These four sectors can be labelled by 2 x 2 Chan Paton (CP) factors: 




• GSO projection: Physical states in sectors (a) and (b) should have (—1)'^ = 1 
whereas those in sectors (c) and (d) should have (—1)'^ = —1. Here F denotes 
the world-sheet fermion number carried by the state. We use the convention that 
the (—1)'^ eigenvalue of the Neveu-Schwarz (NS) sector ground state is —1. The 
GSO projection rule follows from the observation that the closed string exchange 
interaction between a D-brane and a D-brane and that between a pair of D-branes 
have the same sign for NSNS sector closed string exchange and opposite sign for 
RR sector closed string exchange. In the open string channel this corresponds to 
replacing the GSO projection operator for DD strings by for DD 
strings. 

• Since the NS sector ground state has (—1)^ = —1, it survives the GSO projection 
in sectors (c) and (d) and gives tachyonic excitations with[0, |I^, |5T], 

m2 = -(l/2). (2.2) 

Since the tachyon comes from two different sectors it is a complex scalar field. 

• Although individually the D-brane as well as the D-brane is invariant under half 
of the space-time supersymmetry transformations, the combined system breaks all 
supersymmetries. 

We shall now study the action of (—1)^^ on the coincident D-brane — D-brane system, 
where Fl denotes the contribution to the space-time fermion number from the left-moving 
sector of the string world-sheet. (— 1)'^^ is known to be an exact symmetry of type IIA 
and type IIB string theories. Acting on the closed string Hilbert space, it changes the sign 
of all the states on the left-moving Ramond sector, but does not change anything else. 
Thus it has trivial action on the world-sheet fields. From this definition it follows that 
the space-time fields originating in the Ramond-Ramond (RR) sector of the world-sheet 
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change sign under (—1)^^. Since D-branes are charged under RR field, it follows that 
(— 1)'^^ must take a D-brane to a D-brane. Thus a single D-brane or a single D-brane 
is not invariant under (—1)^^, but a coincident D-brane — D-brane system is invariant 
under (—1)-^^. Hence it makes sense to study the action of (—1)'^^ on the open strings 
living on this system, which is what we shall do now. 

We begin with the observation that since (—1)'^^ has no action on the world-sheet 
fields, we only need to study its action on the CP factors.0 Since (—1)^^ exchanges 
D-brane with D-brane, it acts on the CP matrix A as 

A^aiA(o-i)-\ (2.3) 

where 

This shows that states with CP factors / and ai are even under (—1)^^, whereas those 
with CP factors and ia2 are odd. (We could replace cxi by a2 in ( p.3|) , but this just 
amounts to a change in convention.) 

2.2 Non-BPS D-branes in type II string theories 

We are now ready to define a non-BPS D-2p-brane of type IIB string theory This is 
done by following the steps listed below. 

• We start with a D-2p — D-2p-brane pair in type IIA string theory and take the 
orbifold of this configuration by (—1)'^^. 

• In the bulk, modding out IIA by (—1)'^^ gives IIB. 

• Acting on the open strings living on the D-D-brane world- volume, (—1)^^ projection 
keeps states with CP factors / and ai and throws out states with CP factors cxs and 

This defines a non-BPS D-2p-brane of type IIB string theory. In order to see that it 
describes a single object rather than a pair of objects, we simply note that before the 
projection the degree of freedom of separating the two branes reside in the sector with 



^We shall focus our attention on the NS-sector states, but a similar analysis can be done separately 
for the R-sector states. 



7 



CP factor (73. Since states in the CP sector (73 are projected out, we lose the degree of 
freedom of separating the brane antibrane pair away from each other. Similarly, starting 
from a D-(2p+ l)-brane D-(2p + l)-brane pair of IIB, and modding it out by (—1)^^, we 
can define a non-BPS (2p + l)-brane of IIA. Thus type IIB string theory contains BPS 
D-branes of odd dimension and non-BPS D-branes of even dimension, whereas type IIA 
string theory contains BPS D-branes of even dimension and non-BPS D-branes of odd 
dimension. 

Let us now list some of the properties of the non-BPS D-2p-brane of type IIB string 
theory. (Similar results also hold for the non-BPS D-(2p-|- l)-brane of type IIA string 
theory.) These properties follow from their definition, and properties of coincident brane- 
antibrane pair reviewed earlier. 

• Excitations on its world- volume are open strings with Dirichlet boundary condition 
on the (9 — 2p) transverse directions, and Neumann boundary condition on 2p -|- 1 
tangential directions (including time). 

• These open strings carry Chan Paton factors / or cti. 

• Physical states with CP factor I has (—1)^ = 1 and physical states with CP factor 
(Ti has (—1)^ = —1. (Note again that F denotes world-sheet fermion number.) 

• The NS sector ground state carrying CP factor cti has (— 1)"^ = —1 and hence is 
physical. Thus there is a tachyonic mode with 



• Since tachyon comes from only one sector, it is a real scalar field. 

• The tension of the non-BPS D-2p-brane of type IIB string theory is given by: 



where g denotes the coupling constant of the string theory. This property can be 
derived by taking into account the effect of modding out by (—1)'^^, and the fact 
that the original brane- antibrane system before (—1)^^ modding had a tension equal 
to 




(2.5) 



(2.6) 



(27r)-^^(2/^) . 



(2.7) 
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Similarly, the tension of a non-BPS D-(2p + l)-brane of type IIA string theory is 
given by 

{2i,)-^^^+'\V2/g). (2.8) 

One can also derive the spectrum of open strings with one end on the non-BPS brane 
and other end on a BPS brane, but we shall not discuss it here. 

2.3 BPS D-branes from non-BPS D-branes 

Let us now consider the effect of modding out a non-BPS D-2p-brane of IIB by (— 1)^^, 
where (—1)^^ now denotes the corresponding symmetry of the type IIB string theory[^]. 
In the bulk, modding out type IIB string theory by (—1)^^ gives us back a type IIA string 
theory. The question we shall be interested in is: what happens to the D-2p-brane after 
this modding? This question makes sense as the non-BPS D-brane does not carry any 
RR charge and hence is invariant under the action of (—1)^^. In order to answer this 
question we need to study the action of (—1)'^^ on the open string states living on the 
D-2p-brane. As before (—1)^^ does not act on the world-sheet fields, but acts only on the 
CP factors. Thus we need to find the action of (—1)^^ on CP factors. This is done with 
the help of the following observations:^ 




Figure 3: The disk amplitude for two point function of the graviton and translation mode 
of the D-brane. 



■^For definiteness we shall focus our attention on the NS sector states, but a similar analysis can also 
be carried out for R sector states. 
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• There is a non-zero two point function of the graviton gm^i from the closed string 
sector and the translation modes X"^ of the D-2]9-brane originating in the CP sector 
/ of the form: 

r]^''gmf.d,X"', (2.9) 

where m denotes a direction transverse to the brane and /i, u denote directions 
tangential to the brane. This coupling follows from expanding the Dirac-Born- 
Infeld action on the brane world- volume around the configuration of a flat brane in 
a fiat space-time background. This can also be seen by computing a disk amplitude 
with a graviton vertex operator inserted at the center of the disk, and the tachyon 
vertex operator inserted at the boundary of the disk, as shown in Fig.|^.0 Since the 
graviton is even under (—1)^^, this shows that states with CP factor / must also be 
even under (—1)^^. 



RR field 



open string 
with CP factor 



'1 



Figure 4: The disk amplitude for the two point function of the tachyon and the RR sector 
2p-form gauge field. The dotted line denotes the (—1)^^ cut extending from the RR vertex 
operator to the disk boundary. 



There is a non-zero two point function of the RR-sector 2p-form gauge field A^'^^^ 
from the closed string sector and the tachyonic mode T of the D-2p-brane originating 



^This does not mean that that a physical on-shell scalar particle on the brane has a finite transition 
probability into a graviton state in the bulk. This is disallowed due to various kinematic reasons. However, 



the existence of the coupling (2.9) can still be deduced by evaluation the disk amplitude in a region of 



unphysical (complex) external momenta; as is done e.g. in deducing the Yang-Mill's three gauge boson 



vertex from three string amplitude! 23 
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in the CP sector ai of the form: 

jA^^P^AdT. (2.10) 

This can be seen by computing the disk amphtude with a RR-sector gauge field 
vertex operator inserted at the center of the disk, and the tachyon vertex operator 
inserted at the boundary, as shown in Fig.^.0 The fact that this amphtude is non- 
zero may seem surprising, as the tachyon vertex operator carries a CP factor di, 
and there seems to be no other CP factor inserted at the boundary of the disk. 
However, since the RR sector states in type IIB string theory appear in the twisted 
sector when we regard type IIB string theory as type IIA string theory modded 
out by (—1)^^, there is a cut extending from the RR sector vertex operator at the 
center all the way to the boundary of the disk. At the point where the cut hits 
the boundary we need to insert an extra factor of ai, since (—1)^^ action on the 
CP factors correspond to conjugation by ai. This gives a total of two factors of o"i 
on the disk boundary and makes the amplitude non-vanishing. From this it follows 
that since RR-sector fields are odd under (—1)-^^, states with CP factor o"i are also 
odd under (—1)^^. 

The net result of this analysis is that states with CP factor / are (—1)^^ even and 
states with CP factor ai are (—1)^^ odd. Thus under modding out by (—1)^^, only states 
with CP factor / survive the projection. As we have already seen before, GSO projection 
requires these states to be even under (—1)^. Thus the spectrum is identical to that 
of open strings living on a BPS D-2p-brane of IIA, and we conclude that the non-BPS 
D-2p-brane of type IIB string theory, modded out by (—1)^^, gives a BPS D-2p-brane of 
type IIA string theory.0 

The results of this section have been summarized in Fig.|^. There is also a similar 
relation with IIA ^ IIB and (2p) ^ (2p + 1). 



^Again, as before, the actual transition between a massless RR sector state and the tachyon is absent 
due to kinematic reasons. 

^Note that at this stage we cannot determine whether the resulting brane is a D-brane or a D-brane, 
as both carry the same spectrum of open string. This is a reflection of the fact that the orbifolding 
procedure has a two-fold ambiguity, so that we could end up cither with a D-branc or a D-brane by 
following these steps. 
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D-2p - Anti-D-2p 




D-2p of 


pair of IIA 




IIB 




Figure 5: Relationship between BPS and non-BPS D-branes in type II string theories. 
The horizontal arrow represents the effect of modding out the theory by (—1)^^. 

3 Stable Non-BPS D-branes on Type II Orbifolds 
and Orientifolds 

Although we have constructed non-BPS D-branes in type IIA/IIB string theory in the 
last section, they are all unstable due to the presence of the tachyonic mode. As we shall 
discuss in section ^, if the tachyon condenses to its minimum, then the configuration is 
indistinguishible from the vacuum[^]. Thus it is natural to ask: what is the use of such a 
D-brane? 

In this section we shall show that although they are unstable in type IIA/IIB string 
theory, we may get stable non-BPS D-branes in certain orbifolds/orientifolds of IIA/IIB if 
the tachyonic mode is projected out under this operation. We shall illustrate this through 
two examples. 

3.1 Type I D-particle 

Let us consider the following construction: 

• Start with the non-BPS DO-brane (D-particle) of type IIB as defined in the last 
section. 

• Mod out the configuration by the world-sheet parity transformation fi. 

The result can be described as a non-BPS D-particle of type I string theory, since 
in the bulk type IIB string theory modded out by Q gives a type I string theory. The 
crucial question is: is this D-particle stable? Or equivalently we may ask: is the tachyonic 
mode on the type IIB D-particle odd under f2? The answer to this question follows 
from eq.( |2.1Q|) for p = 0, i.e. that the two point function of the tachyonic mode on the 
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D-particle world- volume and the RR sector scalar field (f) of type IIB string theory is non- 
vanishing. Since the field is known to be odd under Q, we conclude that the tachyonic 
mode of the D-particle is also odd under Q. Thus it is projected out in type I string 
theory. In other words, the type I D-particle is stablef^! 

The spectrum of open strings on type I D-particle also includes open strings with one 
end on the D-particle and the other end on any one of the 32 nine branes which are present 
in type I string theory. The Ramond sector states from this sector can be shown to give 
rise to 32 massless fermionic zero modes living on the DO-brane. Quantization of these 
zero modes gives rise to a ground state which transforms in the spinor representation of 
the type I gauge group SO (32). This also gives an additional explanation of the stability 
of the D-particle. Since all perturbative states of type I string theory are in the scalar 
conjugacy class of SO (32), and since a spinor state cannot decay into states in the scalar 
conjugacy class, the D-particle is prevented from decaying into perturbative string states 
due to charge conservation. 

If we consider two or more coincident D-particles in type I string theory, then there are 
also possible tachyonic modes coming from open strings with two ends on two different D- 
particles. It turns out that the Q projection does not remove all the tachyonic modes from 
these sectors, and two or more coincident D-particles describe an unstable system. This is 
consistent with the observation that two particles in the spinor representation of SO (32) 
can combine and annihilate into perturbative string states, as there is no conservation 
law preventing this process. 

The existence of the type I D-particle is also relevant for testing the conjectured duality 
between type I and heterotic string theoryp4|, |2^, SO(32) heterotic string theory 
contains states in the perturbative spectrum which transform in the spinor representation 
of SO(32). These states are massive, and non-BPS. But the lightest state belonging to 
the spinor representation of SO (32) is stable at all values of the coupling, as they cannot 
decay into anything else. Thus these states must also exist in the strong coupling limit of 
the SO (32) heterotic string theory, which is nothing but the weakly coupled type I string 
theory. The type I D-particles provide explicit realization of these states. 

It is instructive to compare the mass formulae for these SO (32) spinor states at the 
two extreme ranges of the coupling constant. We shall use the variables of the heterotic 
string theory to express this mass formula at the two ends. For small heterotic coupling 
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Qh, the perturbative mass formula in the heterotic string theory holds: 

\lT\i{aQ + aig]j + a2g\j + . . .) , (3.1) 

where is the heterotic string tension, and Oj are numerical coefficients. Oq is computed 
at tree level of heterotic string theory, whereas is computed at m-loop order. 

For large heterotic coupling we can use the description of this state as type I D-particle 
to compute its mass. As we saw earlier, this has mass of order ^jTi/gj, where T/ and 
gi are the string tension and coupling constant respectively of the type I string theory. 
Using standard relationship between the heterotic and type I variables p3 



Ti = Tngn, gi = gn , (3-2) 
we see that for large gn the mass of this state is proportional to: 

\/t^{9hY^'. (3.3) 



It will be interesting to see if the perturbation expansion (|3.1| ) contains any information 
about the large gn behaviour given in (|3.3| ). 



3.2 D-branes wrapped on non-supersymmetric cycles of K3 orb- 
ifold 

In this section we shall discuss another example where the tachyonic mode of a non-BPS 
D-brane is projected out under an orbifolding operationj^. We proceed as follows: 

• Start with a non-BPS D-string of type IIA string theory wrapped on a circle along 

of radius Rg and placed at = for 1 < i < 8. 

• Compactify three other directions 

• Mod out the theory by a Z2 transformation T4 which changes the sign of x^, . . .x^: 

T4: (x^a;^a;^x9) ^ (-a;^-a;^-x^-a;^). (3.4) 



In the bulk this gives type IIA string theory on an orbifold K3. We shall now analyze 
the fate of the tachyon field on the D-string in this orbifold theory. Since the D-string 
lies along x^, the tachyon field on its world-steet is a function of x^ and time t. Again by 
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considering a two point function between the tachyon and an RR sector gauge field, one 
can show that under the Z2 transformation X4, 



T(x^^) ^ -T(-x^t) . (3.5) 
If we expand T(a;^, t) in its Fourier mode as: 

T(x^t) =^T„(t)e*"^'/^% (3.6) 

n 

then under X4: 

T„(t)^-T_„(t). (3.7) 

Thus 

• To is projected out. 

• For n 7^ the combination T„ — T_„ survives the projection under X4. 
Since the effective mass^ of T„ — T_„ is given by 

< = in'/Rl) - (1/2) , (3.8) 

we see that there is no tachyon in the spectrum for 

Rg<V2. (3.9) 

There are also possible tachyonic modes from open string states stretched between 
the original D-string and its image under translation along x^, or x^. Demanding that 
there are no tachyonic modes from these sectors we also get|] 

^'^-T2' "'-7-2' "''^7-2- 

The net result of this analysis is that we have a stable non-BPS state in type IIA string 
theory on /X^ in the range of parameters described in (|3.9| ), (|3.10| ). The next question 



would be: what is the interpretation of this state? There are many ways to answer the 

question; we shall explain it by studying the physics at the critical radius Rg = 

At this radius T±\ are massless modes. In fact one can show that the potential for 



'^These relations can be found from eq.(3.9) by a T-duality transformation 
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x^=0 x^=7rRn 

O O 

DO DO 



Figure 6: The DO-DO brane configuration obtained by marginal deformation of tlie non- 
BPS D-string wrapped along . 

{T\ — T_i) vanishes identically.^ Thus (Ti — T_i) denotes an exactly marginal deformation 
of the boundary conformal field theory (CFT) describing the D-brane. We can study this 
deformation using CFT techniques. We shall only quote the result here (see section the 
appendix and ref. for some of the details). It turns out that this marginal deformation 
takes the non-BPS D-string of llA to a DO-DO-brane pair situated at the two fixed points 
= and = nRg respectively as shown in Fig.^. 

So far what we have described could have been done even before modding out the 
theory by X4. Let us now study the result of modding out this configuration by X4. It was 
shown in ref.|2^ that after modding out by X4 a DO-brane at = can be interpreted as a 



D2-brane of type llA string theory, wrapped on the supersymmetric 2-cycle|^9[ associated 
with the fixed point of X4 at = 0.0 A similar interpretation can be given for the DO- 
brane at = nRg. Thus in the orbifold theory the marginal perturbation by (Ti — T_i) at 
Rg = takes the original non-BPS state to a pair of D2-branes, wrapped on the 2-cycles 
associated with the fixed points at x^ = and x^ = nRg respectively. This suggests that 
the original configuration is a D-2-brane of llA wrapped simultaneously on both these 
2-cycles. This represents a D2-brane wrapped on a non- supersymmetric 2-cycle. 

Before the projection, the mass of the wrapped non-BPS D-string is given by {\/2Rg/g), 
whereas the sum of the masses of the DO-DO pair is given by {2/g). Modding out by X4 
reduces the mass of each state to half its original value. By comparing the masses of the 
various (wrapped) branes we arrive at the following picture: 

• At the critical radius the D-2-brane wrapped on the non-supersymmetric cycle is 
degenerate with the pair of D-2-branes wrapped on the supersymmetric cycles. 



^This and various other issues related to this discussion will be discussed in some detail in section 
^Although the cycle has zero area, the wrapped D-brane has a finite mass due to the presence of the 
anti-symmetric tensor field flux through the two cycle |30[. 
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• Below the critical radius the D-2-brane wrapped on the non-supersymmetric cycle 
is lighter than the pair of D-2-branes wrapped on the two supersymmetric cycles. 
Hence this wrapped brane is stable. 

• Above the critical radius the D-2-brane wrapped on the non-supersymmetric cycle is 
heavier than the pair of D-2-branes wrapped on the two supersymmetric cycles. As 
a result this wrapped brane is unstable against decay into a pair of supersymmetric 
brane configurations. 

This construction can be generalized to describe a {2p + 2)-brane {{2p + l)-brane) of 
IIA (IIB) wrapped on a non-supersymmetric cycle of K3. Using this procedure one can 
also construct examples of D-branes wrapped on non-BPS 2- and 3-cycles of Calabi-Yau 
manifolds. These generalizations have been discussed in ref.|0]. 

Before concluding this discussion we note that the world- volume theory of coincident 
branes of this type gives rise to a non-supersymmetric U(N) gauge theory. This might be 
useful in solving non-supersymmetric field theories via branes. 

4 D-branes as Tachyonic Kink Solutions 

4.1 Non-BPS D-brane as tachyonic kink on the brane-antibrane 
pair 

In this section we shall give an alternative construction of the non-BPS D-branes discussed 
in section Let us start with a coincident pair of D-2p — T)-2p branes {p > 1) of 

type IIA string theory. As discussed in section there is a complex tachyon field T living 
on the world-volume of this system. This reflects the fact that T = is the maximum 
of the tachyon potential V{T) obtained after integrating out all other massive modes on 
the world- volume. There is a U(l)xU(l) gauge field living on the world- volume of the 
brane-antibrane system, and the tachyon picks up a phase under each of these U(l) gauge 
transformations. As a result, V{T) is a function only of |T|, and the minimum of the 
potential occurs at T = TqC*^ for some fixed Tq but arbitrary 6, as shown in Fig.0. As we 
shall argue shortly, at the minimum, the sum of the tension of the D-brane D-brane pair 
and the (negative) potential energy of the tachyon is exactly zeroj^ i.e., 

2Tn + V{To) = 0, (4.1) 
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V(T) 




Figure 7: The tachyon potential on D-brane — D-brane pair. 

where is the D-brane tension. This shows that the tachyonic ground state T = Tq 
is indistinguishible from the vacuum, since it carries neither any charge nor any energy 
density. 

But now, instead of considering tachyonic ground state, let us consider a tachyonic 
kink solution. For this, consider the minimum energy configuration with the following 
properties: 

• Im{T) = 0. 

• Re(T) independent of time and {2p — 1) of the 2p spatial coordinates. 

• Re{T) depends on the remaining spatial coordinate x such that 

T(x) To as X — s> oo, 
T{x) —Tq as X ^ — oo . (4.2) 

This has been shown in Fig.^]. From this it is clear that as x — >■ ±oo the solution goes 
to vacuum configuration. Thus the energy density is concentrated around a {2p — 1) 
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Figure 8: Tachyonic kink solution on the brane-antibrane pair. 

dimensional subspace, and the solution describes a {2p — l)-dimensional brane. We now 
claim that this {2p — l)-brane associated with the tachyonic kink solution on the brane- 
antibrane pair is identical to the non-BPS D-{2p — l)-brane of IIA. 

Note that V{T) cannot be explicitly calculated. Thus one might ask how one could 
show the equivalence between the non-BPS D-brane described in section |^ and the tachy- 
onic kink on the brane — antibrane pair described here. This will be discussed in some 
detail in the appendix; but here we shall describe the outline of the proof. 

• There is a marginal deformation involving bulk and boundary operators which in- 
terpolates between the T = configuration and the kink solution. 

• One can study the fate of the CFT describing the brane-antibrane pair under this 
marginal deformation. 

• The end result turns out to be a CFT which is identical to the CFT describing the 
non-BPS D-brane. 

One can also give an intuitive understanding of why a tachyonic kink should behave 
like a D-brane. For this note that far away from the kink (large the configuration 
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represents the vacuum, and hence strings cannot end there. On the other hand, on the 
subspace x = 0, the tachyon field vanishes, and hence we expect the configuration to 
behave in a way that a D-brane — D-brane pair would have behaved in the absence of 
tachyon vev, i.e. open strings should be able to end there. Thus the tachyonic kink should 
at least qualitatively behave as a D-brane located at x = 0. 

Note that the manifold Ai describing the minimum of the tachyon potential is a 
circle S^. In order to get a topologically stable kink solution, we need no^Ai) ^ 0. But 
7ro(S'^) = since is connected. Thus the kink is not topologically stable. Indeed it 
has tachyonic mode correponding to the freedom of changing T at x ^ oo to Tqc*^. As 
^ TT we get back the vacuum configuration, since T —To as x ±oo in this case. 
This however is completely consistent with the identification of this kink solution with 
the non-BPS D-(2p — l)-brane of type IIA string theory, since, as we have seen earlier, the 
latter also has a tachyonic mode living on it. The tachyonic mode on the kink solution can 
be identified as the tachyonic mode on the non-BPS D-(2p — l)-brane of IIA discovered 
in section |^. 

Before we move on to the next subject, let us give an argument in favour of eq.( [4.1| ). 



For this, note that if ( |4.1| ) had not been true, then the tachyonic kink solution described 
here will not have a finite energy per unit {2p — l)-volume, since the energy density, 
integrated along the transverse direction (denoted by x in eq. ([4.2|) ) would give infinite 
answer. On the other hand from the analysis of section H we certainly know that a 
non-BPS D-{2p — 1) brane of type IIA string theory has finite tension. Thus once we 
establish the equivalence of the tachyonic kink solution and the non-BPS D-brane (as will 
be discussed in the appendix), it automatically establishes eq. (|4.1| ). 

4.2 The BPS D-brane as the tachyonic kink on the non-BPS 
D-brane 

We can now continue one step further. Let us start with a non-BPS D-(2p — l)-brane of 
IIA. As was discussed in section ^ it has a real tachyon T. By studying the disk amplitude 
it can be easily seen that there is a Z2 symmetry on the world-volume of this non-BPS 
D-brane under which T (and all other modes originating in the CP sector ai) changes 
sign. Let ±To be the minimum of the tachyon potential V{T) obtained after integration 
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V(f) 




Figure 9: The tachyon potential on the non-BPS D-brane 

out the other massive modes, as shown in Fig.^. Again one can argue that: 

V{%) + fo = Q, (4.3) 

where T/j is the tension of the non-BPS D-brane. We now consider a kink solution on 
this D-(2p — l)-brane world-volume such that: 

• T is independent of time as well as {2p — 2) of the spatial coordinates. 

• It depends on the remaining world- volume coordinate y such that: 

T{y) ^ To as y ^ oo, 
f{y)^-fo as y^-oo. (4.4) 

This configuration has been shown in Fig.|l^. By the same argument as in the previous 
subsection, this describes a {2p — 2) dimensional brane. We shall show in the appendix 
that this can be identified as the BPS D-(2p — 2) brane of type IIA string theory. The 



21 



T(y) 












-To 





Figure 10: Tachyonic kink solution on a non-BPS D-brane. 



analysis is again based on finding a series of marginal deformations involving bulk and 
boundary operators which connect the T = configuration of the non-BPS D-(2p — 1) 
brane to a solution representing a kink-antikink pair, and using conformal field theory 
techniques to show that this marginal deformation actually interpolates between the non- 
BPS D-(2]9 — l)-brane and a BPS D-(2p — 2)-brane — D-(2p — 2)-brane pair. 

Note that now the manifold M. describing the minimum of the tachyon potential 
consists of a pair of points ±To. Thus n^i^M) ^ 0, and hence the kink is stable as is 
expected of a BPS D-brane. An argument similar to the one in the previous subsection 
can be used to give an intuitive explanation of why the kink should behave as a D-brane 
near ?/ = but as vaccuum for large \y\. We can also explain the origin of the RR charge 
of the kink from the coupling (p.lO|) and the fact that dyT is non-zero at ?/ = 0. Since 
dyT has opposite sign for the anti-kink, this also shows that the anti-kink must represent 
the BPS D-(2p - 2) brane. 

The results of this section, combined with the results of section ^ leads to the set of 



'descent relations' between BPS and non-BPS D-branes shown in Fig. 11 



By combining the two main results of this section, we can also represent a BPS D-p- 
brane as a soliton (vortex) solution on the D-(p + 2)-brane — D-(p + 2)-brane pair in the 
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IIB 
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Figure 11: Descent relations among BPS and non-BPS D-branes in type II string theories. 
The horizontal arrows denote the effect of modding out by (—1)^^, and the vertical arrows 
denote the ffect of considering tachyonic kink solution. 

same theory]^, |^. This construction is relevant for relating allowed D-brane charges to 
elements of the K-group of space-time]^]. 

5 Stable Non-BPS Branes on the D-brane — Orien- 
tifold Plane System 

5.1 Summary of the results 

We have already introduced the notion of a D-p-brane in type II string theory. We now 
introduce the concept of an orientifold p-plane (O-p-plane)I^T], For this we consider 



type II string theory on RF~^^ x {R^~^ /Ig^p ■ Q ■ g), where Tg_p reverses the sign of all the 
coordinates on Q is the world-sheet parity transformation (L ^ R) and g is identity 

for {9 —p) = Am or (4m + 1) and g = (—1)^^ for {9 —p) = (4m + 2) or (4m + 3). One can 
show that Ig-p ■ Q ■ g is a symmetry transformation of order 2 in type IIA string theory 
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if p is even, and in type IIB string theory if p is odd. The origin of will be called 
an orientifold p-plane. Thus type IIA (IIB) string theory contains orientifold ]9-planes of 
even (odd) dimensions. 

X D-brane 



Open 
string 



o O-plane 



X Image of D-brane 



Figure 12: Transverse section of the coincident D-p-brane — 0-p-plane system. Although 
for clarity we have shown the D-brane and the O-plane as separated in space, we shall 
analyze the case where they are on top of each other. 



Our focus of attention in this section will be a system of parallel D-p-brane — 0-p- 
plane system. This corresponds to starting with a D-brane and its image under Tg_p -Q- g, 
and then modding out the theory by Tg_p ■ Q ■ g, as shown in Fig.|T2|. The world volume 
theory of a Dirichlet p-brane (D-p-brane) on top of an orientifold p-plane (0-p-plane) has 
as its low energy limit an = 4 supersymmetric SO (2) gauge theory.[^ The spectrum of 
stable states in this theory contains a massive non-EPS state carrying unit charge under 
this SO (2) gauge field. These arise from open strings stretched between the D-brane and 
its image.|3 In the weak coupling limit these states have mass of the order of the string 

^"There is some ambiguity in how we choose the action of this Z2 transformation on the CP factors; and 
due to this ambiguity we can get different kinds of orientifold planes ||3^, |3^ . Throughout this paper we 
shall only consider orientifold planes of SO-type — also known as the 0+ planes|Q — carrying negative 
RR charge compared to that of a D-brane. 

^^Before the orientifold projection the ground state in this sector is massless and corresponds to the 
charged vector bosons and their superpartners, but the orientifold projection removes this state from the 
spectrum. 
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scale ms with corrections expressible as a perturbation series in the string coupling gs'- 



ms{Ko + KiQs + K2gl + 



(5.1) 



Here Kq, Ki,K2, . . . are numerical constants, with Km computed from a diagram with m 
open string loops. Since the lowest mass state carrying SO (2) electric charge must be 
stable at all values of the string coupling, it makes sense to ask what would be the masses 
of these states in the strong coupling limit. This is one of the questions we address in this 
section. The answers were obtained in refs. H, ^ ^ and have been summarised in table 
1. 



p 


mass 


Cp 


6 


Cemsgs 


known 


5 


C^rrisigs)^ 


known 


4 


Cimsigs)^ 


unknown 


3 


unknown 





Table 1: Masses of electrically charged states on the D-p-brane 0-p-plane system in the 

strong coupling limit. 

In this table, the first column denotes the value of p, the second column denotes the 
mass of the lightest stable electrically charged state on the D-p-brane — 0-p-plane system, 
Cp denotes a numerical constant, and the last column denotes whether the numerical 
constant Cp is known or unknown at present. We have restricted p in the range 3 < p < 6 
due to the following reason. For p > 7, the dilaton does not go to a constant value 
asymptotically |3^, and as a result the string coupling gs is not a well defined quantity. 
On the other hand, for p < 2, the self-energy of an electrically charged particle blows up 
due to the long range Coulomb field associated with the particle, and hence the mass of 
such a state is not a well defined quantity. 

We shall review the arguments leading to these results in subsection |5.2| . As we can 
see from this table, we still do not know the mass of the electrically charged particle 
on the D-3-brane — 0-3-plane system in the strong coupling limit. Although it may be 
somewhat premature to look for a pattern among three data points, we note that there 
seems to be some regularity in the dependence of this mass on gs for 4 < p < 6, namely 
it seems to go as 



msigs) 



7-p 



(5.2) 
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Considering that for different values of p these results are derived using very different 
techniques, one might wonder if there is a deeper lesson about strongly coupled string 
theory in this spectrum. Since the only feature that is common between different values 
of p is the structure of weak coupling perturbation theory, it is tempting to speculate 
that the regularity of the strong coupling spectrum is a reflection of the regularity of the 
weak coupling perturbation theory as a function of p. In that case we can expect that the 
information about the strong couping result is somehow contained in the weak coupling 
perturbation theory, — in particular in its large order behaviour. 

Besides stable non-BPS states which are electrically charged under the SO (2), the 
brane world-volume theory also contains branes which are magnetically charged under 
the SO (2). On the D-p-brane 0-p-plane system these are {p — 3) branes, and come from 
a D-(p — 2)-brane, stretched between the brane and its image. Such configurations are 
allowed according to the rules of refs. [^, |3^ . Naively, when the D-p-brane and its image 



coincide these stretched branes will have vanishing tension. But quantum corrections 
must give non-vanishing contribution to the tension, reflecting the fact that these are 
non-BPS branes.0 Unfortunately calculating tensions of these non-BPS branes in the 
weak coupling limit remains an open problem.[^ However as we shall see in subsection 



57^ , for every value of p between 3 and 6, one can calculate the tensions of these non-BPS 
branes in the strong coupling limit. The answer has been summarized in table 2. 



p 


i 

(tension) (p-^) 


c. 


6 


CqTUs 


known 


5 


~ _i 
C-,msgs ' 


known 


4 


~ „i 
CiTJisgs ' 


unknown 


3 


~ _i 


known 



Table 2: Tensions of magnetically charged {p — 3)-branes on the D-p-brane 0-p-plane 

system in the strong coupling limit. 

The first column in this table describes the value of p as before. The second column 

represents the (p— 2)-th root of the tension of the magnetically charged (p— 3)-brane. This 

root is taken in order to make it into a quantity of mass dimension 1. ms and gs denote, as 

before, the square root of the fundamental string tension and the string coupling constant 

Otherwise we should expect a singularity in the moduli space of this system for coincident D-brane 
— orientifold plane system. This is known not to be present. 
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As we shall see later, this problem is related to finding the last row of table 1. 
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respectively, and Cp denote numerical constants. The last column shows that at present 
the coefficients Cp are known for p = 3, 5 and 6, but not for p = 4. 

We again observe that there is a regularity in this spectrum. In particular the {p — 2)- 
th root of the tension of the {p — 3)-brane on the D-p-brane — 0-p-plane system goes 
as: 

msigs)^-'. (5.3) 

Again it is natural to suspect that this reflects some deeper aspect of string theory which 
is not understood at present. 



5.2 Strong coupling description of electrically charged states 
and magnetically charged branes 

In this subsection we shall review the analysis leading to tables 1 and 2. We shall discuss 
each value of p separately, since the strong coupling description of the D-p-plane — 0-p- 
plane system is different for each value of p. 
p = 6 

In this case the system under study is a D6-brane on top of an 06-plane in type IIA 
string theory. The strong coupling description of this system is known to be M-theory on 
i?^'^ X A/", where R^'^ is along the world- volume of the D6— 06 system, and A/" is the double 
cover of the Atiyah-Hitchin spacefS^ with a rescaled metric |l38|, |l|]. Asymptotically, Af 



locally looks like x S^. The Planck mass rup of the M-theory, and the radius R of this 
are related to m5 and gs of type IIA string theory via the relations: 



mp = ms{gs) ^ R = m/gs. (5.4) 



The metric on A/" is given by 



ds^ = ^ds\H^ (5-5) 

where ds\^ is the standard Atiyah-Hitchin metric [p^] . The S0(2) gauge field A on the 
brane world-volume is related to the three form gauge field C^^p of M-theory as 

C = uj ^A + ■■■ (5.6) 



where uj is the unique normalizable harmonic two form on A/'[^ |4y, and ■ ■ ■ denotes 



terms involving other normalizable and non-normalizable differential forms on M . 
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The topology as well as the metric on M is completely known. In particular M contains 
a non-contractible two cycle of minimal area — called the bolt — which has the property 
that the integral of the two form uj over the bolt is non-vanishing. From the relation ( |5.6| ) 
and the fact that a membrane is electrically charged under C, it follows that a membrane 
wrapped on the bolt will be electrically charged under A. In other words, the electrically 
charged stable non-BPS state on the world-volume of the D6— 06 system is described by 
the M-theory membrane wrapped on the bolt of A/"!!!!]. The area of the bolt is equal to 
Ti^E?. On the other hand, the membrane tension is proportional to m^. Thus the mass 
of the state is given by: 

C^mlR" = C^msgs , (5.7) 

where Cq is a known constant. 

Following the same logic, the magnetically charged three brane on the D6-06 world- 
volume can be identified as the M-theory five-brane wrapped on the bolt of A/". The 
tension of this 3-brane can be calculated by multiplying the five-brane tension (mp with 
the area of the bolt. This is given by 

{C,)'mlR' = {C,)\ms)\ (5.8) 



where Cq is a known numerical constant. Eqs.( |5.7| ) and ( ^.8| ) reproduce the first rows of 
tables 1 and 2 respectively. 

p = 5 

The system under study is a D5-brane on top of an 05-plane in type IIB string theory. 
In the strong coupling limit, this theory is S-dual to the weakly coupled type IIB string 
theory on i?^'^ x (i?^/(— 1)^^ -I^) where R^'^ is along the D5-05 world volume, I4 changes 
the sign of the coordinates of — the directions transverse to the D5-05 world-volume, 
— and (—1)^^ changes the sign of all the Ramond sector states on the left-moving sector 



of the string world-sheet[^. This can be argued by noting that under S-duality of type 
IIB string theory Q gets transformed to (—1)^^ and a D5-brane is transformed to an NS 
5-brane. Thus naively one would think that the dual system should correspond to the 
orbifold described above together with an NS 5-brane. But upon examining the spectrum 
of massless states originating in the twisted sector of the orbifold theory one finds that 
they are already in one to one correspondence with the massless degrees of freedom living 
on the D5-05 system. Thus there is no need to add another NS five brane; in fact adding 
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it will double the number of massless degrees of freedom, and will describe the dual of a 
system of two D5-branes on top of an 05-plane. 

The relationship between the string scale ms and the coupling constant gs of this dual 
theory, and those of the original theory is given by: 

ms = ms{gs)'K 9s = {9s)~^ ■ (5.9) 

The SO (2) gauge field on the D5-brane — 05-plane world volume corresponds to massless 
vector fields originating in the twisted sector of this orbifold theory. The state carrying 
electric charge under the SO (2) gauge field corresponds to, in this orbifold theory, the 
non-BPS DO-brane of JIB placed on the orbifold planep], ^, This has mass 

C^msigs)-' = C,msigs)K (5.10) 

where C5 is a known constant. Similarly the two brane carrying magnetic charge under 
this SO (2) gauge field corresponds to a non-BPS D2-brane of type IIB string theory, 
placed inside the orbifold fixed plane. Its tension is given by: 

iC.ymUgs)-' = iC,nms)H9s)-'^ , (5.11) 

where C5 is another known constant. Eqs. (|5.10|) and ( ^.11| ) reproduce the second rows of 
tables 1 and 2 respectively. 
p = A 

The configuration under study is a D4-brane on top of an 04-plane in type IIA string 
theory. The strong coupling limit of this theory is best described as M-theory on R^'^ x 

X ■ cr), together with a five-brane (and its image under X5 ■ a) placed at the 

origin of with its world- volume extending along i?^'^ x S'^jl]]. Here i?^'^ is along the 
world- volume of the original D4-04 system, is a circle of radius R given in eq. (|5.4|) , 
X5 reverses the sign of the coordinates of R^ transverse to the brane world-volume, and 
a denotes the transformation which changes the sign of the three form gauge field of M- 
theory. This can be seen by noting that under the type IIA - (M-theory on S^) duality, 
fl of type IIA is mapped to a of M-theory, and the four brane of type IIA is mapped to 
a five brane of M-theory wrapped on S^. The Planck mass rrip of M-theory is given in 



terms on nis and gs as in eq.(5.4). 

The five-brane world- volume carries a self-dual anti-symmetric tensor field Bmn- The 
component where denotes the coordinate along and /i is the coordinate along 
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Figure 13: Membrane stretched between the M5-brane and its image under T5 ■ a. We 
shall consider the case where the 5-brane (and its image) coincide with the orbifold plane. 



R '\ is the SO (2) gauge field on the D4-04 system. As displayed in Fig.|l3|, the world- 



volume of the five brane placed at the origin of also contains a non-BPS string from 
the membrane stretched between the five-brane and its image under T5 ■ Although 
we cannot explicitly compute the tension of this string, by dimensional analysis we see 
that this tension must be proportional to m^, since this is the only scale in the problem. 

Since the non-BPS string carries Bmn charge, this string wrapped on 5^ will be 
electrically charged under = A^. The mass of this state is given by: 



C^mlR = C^msigsy 



(5.12) 



where C4 is an unknown numerical constant. On the other hand, the non-BPS string with 
world-volume along R^'^ will be magnetically charged under the gauge field Bi^ = A 



^l1 



-^''Classically this string should have zero tension when the five-brane approaches its image, but if this 
had been true also quantum mechanically then the moduli space would have a singularity when the five 
brane coincides with the orbifold plane. Using the duality between M-theory on /Z2 and type IIB on 
KSM, H, one can see that there is no singularity in this region of the moduli space. 
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and its tension will be given by: 



{C,ym'^ = {C,y{msy{9s)-^, (5.13) 



where C4 is a numerical constant related to C4. Eqs.( ^.12|) and (|5.13| ) reproduce the third 
rows of tables 1 and 2 respectively. 
p = 3 

The system under study is the D3-brane on top of an 03-plane in type IIB string 
theory. The strong coupling limit of this system is dual to a weakly coupled type IIB 
string theory in the same background, with the parameters of the dual theory related 
to those in the original theory by eq.( ^.9|) . The electrically charged state in the original 
theory is mapped to the magnetically charged state in the dual theory. Unfortunately at 
present we do not know anything about this state, as was discussed earlier in subsection 



5TT| . On the other hand, the magnetically charged state in the original theory is mapped 
to the electrically charged state in the dual theory. This is a perturbative open string 
state, and has mass proportional to for small gs- Thus the mass of the magnetically 
charged state in the original theory in the strong coupling limit is give by: 

Csms = C3ms{gsy^ , (5.14) 
where C3 is a known numerical constant. This reproduces the last row of table 2. 



5.3 Electrostatic self-energy of the electrically charged non-BPS 
particle on the D3-brane — OS-plane system 

In this subsection we shall give a lower bound on the electrostatic self-energy of the 
electrically charged non-BPS particle on the D3-brane — 03-plane system in the strong 
coupling limit. To do this we go to the dual weakly coupled description where this particle 
corresponds to a magnetically charged particle on the D3-brane — 03-plane world-volume. 
Although we do not know at present how to explicitly construct this state, it is clear that 
sufficiently far away from the center, the magnetic field around the state will look like the 
magnetic field of a point monopole. Let Tc be the distance beyond which this happens. If 
we normalize the gauge field on the D3-brane so that the action has the form: 

^ f d^xF^,F^^\ (5.15) 
9s J 
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where gs as usual is the string couphng constant in this dual string theory, then the 
magnetic field for r >> is of order (1/r^), and hence its contribution to the total 
energy of the system from the region r > Tc is of order 

^/ - {9s)-\r,)-' . (5.16) 

In order to give a lower bound to this expression we need an upper bound on r^.- This 
is obtained by noting that cannot be larger than the string scale (m^)"^ in this dual 
string theory, since for small gs we expect the lightest massive states in this theory to have 
mass of order m^. Thus beyond the distance (m^)"^, the magnetic field of the monopole 
should approach that of a point monopole. This gives the following lower bound to the 
magnetostatic energy: 

rns{gs)~^ ~ ms{gs)^ ■ (5.17) 

This exceeds the expected answer ms{gs)^ from eq. (|5.2| ). 

This suggests that eq. (|5.2|) is applicable, if at all, only to the 'intrinsic mass' of the 
non-BPS particle (if it could be defined at all), and cannot account for the contribution 
from the Coulomb energy. Presumably the issue will be clarified once we have an explicit 
construction of this non-BPS state. It is the same problem which appears in a more severe 
form in the case of p = 2. Here the electrostatic self-energy is infinite, and completely 
masks the 'intrinsic mass' of the particle. 

6 Some Related Developments 

In this section we shall briefiy discuss some other related developments in this field. In 
particular, we shall discuss 

1. construction of other non-BPS states in type I string theory 0, 

2. relationship between D-brane charge and K-theory[^ and 

3. application of boundary state formalism to the study of non-BPS statesH]. 



There are several other related developments Ha, Hq, 47, 4S, E3, 50, M, B2[ which will not 



be discussed here. At the end we shall also briefiy discuss some open problems. 
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6.1 Other non-BPS branes in type I string theory 

In the same way that we constructed a DO-brane in type I string theory, one can construct 
a D8-brane in this theory. The idea is to start with the non-BPS D8-brane of type IIB 
string theory, and mod it out by the world-sheet parity transformation Q. The result is a 
non-BPS D8-brane of type I string theory. The tachyonic mode of the open string with 
both ends on the 8-brane is projected out as in the case of the DO-brane. However in type 
I string theory there are also space filling D9-branes, and it turns out that open strings 
with one end on the D8-brane and the other end on a D9-brane has tachyonic modes 



which are not projected out[53|. Thus these branes are not stable. 

One can also construct non-BPS D-instantons in the type I string theory as follows[0]. 
We can start from a D-instanton anti-D-instanton pair of type IIB string theory, and 
mod out the theory by the world-sheet parity transformation Q. The result is a non-BPS 
D-instanton of type I string theory. One can show that the tachyonic mode is projected 
out under this operation; so that the D-instanton is a stable configuration of type I string 
theory. 

A similar construction can be done by starting with a D7-brane — D7-brane pair of 
type IIB string theory, and modding out the configuration by Q. Again the tachyonic 
mode originating in open strings with both ends on the D7-brane is projected out. But 
in this case there is a tachyonic mode in the open strings with one end on the D7-brane 
and the other end on the D9-brane. Thus the D7-brane is not a stable configuration in 
type I string theory]^ . 



6.2 K-theory 

Another related development in this field has been the discovery of the relationship be- 
tween elements of the K-group of space-time manifold and D-brane charges on the same 
manifold 0. This is related to the idea of representing a D-brane as a tachyonic soliton on 
a D-brane - anti- D-brane pair of higher dimensions. The simplest example is that of type 
IIB string theory, so we shall only discuss this case. In this case, following the discussions 
of section ^ we see that a BPS D-(2p+ l)-brane can be regarded as a soliton solution on a 
D-{2p + 3) — T)-{2p + 3)-brane pair. Each of the D-(2p + 3) branes on the other hand can 
be regarded as a soliton solution on a D-{2p + 5)-brane D-(2p + 5)-brane pair. Following 
this argument we see that each stable D-brane in type IIB string theory can be regarded 
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as some kind of soliton solution on a sufficient number (A^) of 9-brane — anti-9-brane pair. 
It was shown by Witten0 that the solution representing a system of D-branes (possibly 
with some gauge field configurations on them) can be completely classified by specifying 
the U{N) gauge bundles E and F on the 9-brane and the anti-9-brane which characterize 
the gauge field configurations corresponding to this soliton. Furthermore, if we add equal 
number of extra 9-branes and anti-9-branes to the system with identical gauge bundles H 
on them, then the tachyon associated with the open strings stretched between the 9-brane 
and the anti-9-brane is a section of a trivial bundle, and hence can condense to the mini- 
mum (To) of the potential everywhere on the 9-brane — anti-9-brane world-volume. Since 
this configuration is identical to the vacuum, we conclude that adding such extra pairs of 
9-brane and anti-9-brane has no effect on the topological class of the soliton. Thus the 
D-brane charges are classified by specifying a pair of U(N) vector bundles {E, F) subject 
to the equivalence relation 

{E,F) = {E + H,F + H), (6.1) 

for any U(M) vector bundle H. This is precisely the definition of the K-group of the 
space-time manifold. 

This is the basic idea of using K-theory to classify D-brane charges. Similar analysis 
can be carried out for type I and type IIA string theories as well. In type I theory the 
starting point is the representation of all D-branes as solitons on D9-D9-brane system0], 
whereas in type IIA string theory the starting point is the representation of a D-brane as 
a soliton on a system of non-BPS D9-branes0. 

6.3 Boundary state approach to non-BPS branes 

The boundary state approach ^ ^ to the study of non-BPS D-branes was 
pioneered by Bergman and Gaberdiel[§l. Corresponding to any D-brane in string theory, 
we can associate a boundary state \B) in the closed string sector whose inner product 
with a closed string state describes the amplitude for a closed string emission from the D- 
brane. Furthermore, if \B) and \B') denote the boundary states associated with a pair of 
(not necessarily identical) D-branes, then {B\B') describes the one loop partition function 
of an open string stretched from the ffist D-brane to the second D-brane. The boundary 
state I -Bp) of a BPS D-p-brane in type IIA or type IIB string theory can be written as a 
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sum of two terms: 

\Bp) = ^{\NSNSp) + \RRp)), (6.2) 

where \NSNSp) and \RRp) denote the contribution to the boundary state from the NSNS 
and RR sector closed strings respectively. The inner product {Bp\Bq) can be expressed as 

1 + {-lY 

{Bp\B,) = Trp_, , (6.3) 

where Tvp^q denotes trace over the open string states stretched from the D-p-brane to 
the D-g-brane. In this equation the contribution proportional to 1 comes from the NSNS 
component of the boundary state, whereas the contribution proportional to (—1)^ comes 
from the RR component of the boundary state. 

In this notation the boundary state \Bp) describing the non-BPS D-]9-brane of type 
IIB or type IIA string theory is given byQ, |^ 

\Bp) = \NSNSp) . (6.4) 

Note that the contribution from the RR sector is absent, reflecting the fact that the 
non-BPS D-brane does not carry any RR charge. Also the NSNS sector contribution to 
( |6.4|) has an extra factor of \/2 compared to that in (|6.2|) . This reflects the fact that the 
non-BPS D-brane has an extra multiplicative factor of \/2 in its tension. 
From eqs. (|6.2| )- (|6.4| ) it follows that 



{Bp\Bp) = Trp_p{l) . (6.5) 

This shows that the partition function of open string states living on the non-BPS D-brane 
has no GSO projection. 

One can also analyse the fate of stable non-BPS D-branes in various orbifolds and 
orientifolds of type II string theories using the boundary state approach. Let us consider, 
for example, the case of type I D-particle. In this case the boundary state is described by 

-^(|5o) + 32|i?9) + |C)), (6.6) 

where \Bq) is the boundary state of the non- BPS DO-brane (the (1/^2) factor is due 
to the Vt projection), 32|i?9) denotes the boundary state corresponding to the 32 BPS 
D9-branes in the vacuum, and \C) is the crosscap state|^, ^ |53] reflecting the effect 
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of Q projection. The terms involving \Bq) in the inner product of this boundary state 
with itself is given by 

^{{Bo\Bo) + {Bo\C) + {C\Bo) + 32{Bo\B,) + ?,2{B,\B,)) . (6.7) 

The sum of the first three terms gives 

1 + fi , , 

Tro_o^-, (6.8) 

where Tro_o denotes trace over open strings with both ends on the DO-brane. On the 
other hand the last two terms give 

32rro-9(l) , (6.9) 

where Trg-g denotes the trace over open string states stretched from the DO-brane to the 
D9-brane. There is no VL projection in this term, since VL relates these open strings to 
open strings stretched from the D9-brane to the DO-brane. Thus the effect of projection 
is to simply include either the — 9 or the 9 — sector, but not both. 

Since l-Bo); \C) and \Bg) are all explicitly known, we can evaluate each term in ( |6.7| ) 
explicitly. Comparing these with ( |6.8| ) we can explicitly derive the VL projection rules for 
the open strings with both ends on the non-BPS DO-brane, and check that these rules 
agree with the ones derived following the arguments in subsection |3.1| . In particular, one 
can verify that the tachyonic mode on this D-particle is projected out under Vt. 

6.4 Open questions and speculations 

We shall conclude this article by reviewing some of the open questions and with some 
speculations. 

1. The various arguments given in favour of the idea that the tachyonic ground state on 
the brane anti-brane pair is indistinguishible from the vacuum are all indirect, and 
involves first compactifying one or more directions tangential to the brane world- 
volume, followed by switching on the tachyon vev and then taking the radius back to 
infinity. A direct proof of this on a non-compact brane-antibrane pair, presumably 
based on the construction of an explicit classical solution in the open string field 
theory on the brane-antibrane pair describing the tachyonic ground state, is still 
lacking. Similarly, one should be able to construct an explicit classical solution in 
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this open string field theory representing the tachyonic kink solution and show that 
this solution describes a non-BPS D-brane. 



2. One of the difficulties in understanding the phenomenon of tachyon condensation 
on the brane-antibrane pair has been in understanding what happens to the various 
U(l) gauge fields living on the original system. The tachyon is charged under one 
combination of the two U(l) gauge fields, and hence breaks this gauge symmetry. 
However the other linear combination, which we shall denote by A^, does not get 
broken since the tachyon, as well as all other perturbative open string states living 
on the brane-antibrane world-volume, are neutral under this gauge field. 



It has been suggested in ref.[^] that the other U(l) is in the confining phase. 
The suggested mechanism for this confinement is the condensation of the tachyonic 
[p ~ 3)-branes obtained from D-{p — 2)-branes stretched between the original D-p- 
brane and the anti-D-p-brane. Thus for example for p = 3, it involves condensation 
of the tachyonic mode of the D-string stretched between the D3-brane and the D3- 
brane. It was shown in that this tachyon is magnetically charged under A^, and 
hence condensation of this tachyon will imply that the corresponding U(l) gauge 
theory is in the confining phase. 

Whereas the general idea is quite appealing, this mechanism is highly non-perturbative 
from the point of view of the world- volume theory of the D3-brane — D3-brane pair. 
On the other hand the indirect arguments reviewed in this article showing that the 
tachyonic ground state is identical to the vacuum configuration are based on open 
string tree level analysis. Thus there must be a way to see the phenomenon of con- 
finement of the U(l) gauge field at open string tree level. Presumably once we 
understand how to describe tachyon condensation using classical open string field 
theory, this issue will be automatically resolved. 

3. Another open problem, which has already been discussed earlier, is the construction 
of magnetically charged non-BPS T)-{p — 3)-brane on the D-p-brane — 0-p-plane 
system. It is clear that these stable branes must exist in the spectrum, so one should 
be able to find them in the weakly coupled string theory. 

4. It would be interesting to investigate the relationship between weak coupling per- 
turbation expansion for the mass of a non-BPS state and its strong coupling limit. 
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This might give us new insight into string theory at finite couphng. 



5. One of the main lessons from our analysis (and of refs.[0, ^) is that the 
existence of tachyons in the spectrum of open string theory does not necessarily 
signify a sickness of the theory, but often simply indicates the existence of a ground 
state with energy (density) lower than that of the starting configuration. It would 
be interesting to investigate if closed string tachyons have a similar interpretation. 

6. From our discussion in this article it is clear that all D-branes in type IIA (IIB) 
string theory can be regarded as classical solutions in the open string field theory 
living on a system of non-BPS D9-branes (D9-brane — D9-brane pair). It would be 
interesting to see if this can also be done for other known objects in string theory, 
namely the fundamental string and the NS 5-branes.0 Actually fundamental strings 
appear as bound state poles in the S-matrix computed from Witten's open string 
field theory |62, 33, 34]. On the other hand a formal construction was presented in 



3^1 showing that any string background represented by a two dimensional conformal 
field theory (of which the NS five-brane is an example) can be represented as a 
classical solution in the purely cubic open string field theory. If these results can be 
made more concrete, then one could take open string field theory on the non-BPS 
D9-brane (D9-D9 brane pairs) as the fundamental formulation of type II string 
theories and their orbifolds/orientifolds, since all states in string theory could be 
constructed from this field theory. 

Acknowledgement: I would like to thank O. Bergman, S. Elitzur, M. Gaberdiel, P. Ho- 
rava, N. Manton, B. Pioline, E. Rabinovici, A. Recknagel, V. Schomerus and E. Witten 
for useful correspondence at various stages of this work. I would also like to thank the 
organisers of the APCTP winter school for organising an excellent school, and the Tata 
Institute at Mumbai, IAS at the Hebrew University and OTP at MIT for their hospitality 
during the preparation of this manuscript. 



^^K-theory does not contain these states, but K-theory uses only a small subset of available open string 
fields, namely the tachyon and the gauge bosons. 
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A Conformal Field Theory of the Tachyonic Kink So- 
lution 



From our discussion in sections § and it follows that a non-BPS D-2]9-brane of type IIB 
string theory has two descriptions: 

• D-2p — D-2p of type IIA string theory modded out by (—1)^^, and 

• tachyonic kink on D-{2p + 1) — D-(2p + 1) system of type IIB string theory. 

In this appendix we shall address the issue of proving the equivalence of these two descrip- 
tions. We shall focus on the non-BPS DO-brane of IIB, but extension to the general case 
(non-BPS D-2p-brane of IIB and non-BPS D-(2p -|- l)-brane of IIA) is straightforward. 
The details of the analysis of this appendix can be found in ref.0. Some related analysis 
for bosonic string theory can be found in refs. [|65|, |6^ , [67| , |69| , |68 |. 



The outline of the proof is as follows. We begin with the observation that the tachyonic 
kink on the Dl— Dl pair is a classical solution in the open string field theory living on the 
Dl— Dl pair. Thus this configuration must be describable by a two dimensional boundary 
conformal field theory. Hence we need to 

• find this CFT, and 

• show that this is equivalent to the CFT describing DO — DO of IIA/(— 1)^^. 

The next question is: how do we find the CFT describing the kink? This is done using 
the following steps. 

• Find a series of marginal deformations which connect the Dl— Dl pair to the tachy- 
onic kink. 

• Follow what happens to the CFT describing the Dl— Dl pair under this marginal 
deformation. 

Thus our first job will be to find this series of marginal deformations. This is done in 
several steps. 

1. Compactify one direction along a circle of radius R and take the Dl-Dl pair to 
lie along S^. Let x be the coordinate along S^, and A^, be the U(l) gauge fields 
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on Dl, Dl-branes respectively. The first step is to increase from to 1/2R. This 
is a marginal deformation using boundary operators, and gives 

exp(i ^ A^dx) = -1 . (A.l) 

In the presence of such a Wilson line, open strings with CP factors / and are 
periodic under x — > a; + 27rR, since they are neutral under A^, whereas open strings 
with CP factors ai and (J2 are anti-periodic under x — > x + 27ri? since they carry 
unit charge under A^. 

2. Let T denote the tachyon field originating in the sector ai. This has a Fourier 
expansion of the form: 

r(^,^) = EVi(^K^"^^^^. (A-2) 

nez 

since it is anti-periodic under x — > x + 2TrR. The mass of the mode T^>i is given by 
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We now note that 



• For i? < {I/V2) there are no tachyonic modes. 

• For R — I/V2, is massless and hence represent marginal boundary oper- 
ators in the CFT. 

In this second step we reduce R from its initial value down to \j\f2. This corre- 
sponds to a marginal deformation involving bulk operators. 

3. As we shall see later, at = (Ti — T_i) corresponds to an exactly marginal 
operator. In this third step we switch on vacuum expectation value (vev) of (Ti — 
T_i). This is a marginal deformation involving a boundary operator. 

The physical interpretation of switching on the vev of (Ti — T_i) is as follows. If 
we take: 

(Ti - r_i) = -ia, Ti + T_i =0, Tn = for |n| > ^, , (A.4) 

then 

x 

T{x) =asm — . (A.5) 
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Figure 14: Effect of switching on vacuum expectation value of (Ti — T_i). 



As shown in Fig.|lJ, this represents a kink. 

Note that we have not said so far how much vev we should give to (Ti —T_i). This 

2 2 

will be discussed shortly. 

4. After switching on the tachyon vev, we take the radius back to infinity. This corre- 
sponds to marginal deformation by a bulk operator. 

It will be shown later that when we switch on this marginal deformation, for i? > 
(Ti — T_i) develops a tadpole for a generic a. This is not surprising, since for 
R> (Ti — T_ 1 ) = a is not expected to be a solution of the equations of motion 
for arbitrary a. However, we find that there are two values of a for which the 
tadpole vanishes: namely a = and a = 1 (with a suitable normalization of the 
tachyon field). If we take the limit i? ^ oo at a = 0, we get back the Dl-Dl pair. 
But if we take the R ^ oo limit at a = 1, we should expect to get the kink on the 
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step 2 



/ V step 4 




a 



Figure 15: The flow in the R — a plane from {R = oo, a = 0) to {R = oo, a = 1). 
Dl-Dl pair. 

This analysis also determines the amount of vev of (Ti — T_i ) to be switched on at 
the third step. Namely, it should correspond to a 



2 
1. 



The steps 2, 3 and 4 correspond to the flow in the {R, a) plane as shown in FigjT^. Note 
that if we want to go from the {R = oo, a = 0) point to the {R = oo, a = 1) point directly, 
we need to perturb by (Ti — T_i ) at i? = oo, which is a relevant boundary operator. 

We now carry out these steps in detail and see what conformal field theory we get at the 
end of these steps. Since marginal deformations up to the end of step 2 is straightforward, 
we focus on steps 3 and 4. Thus our starting point will be the CFT at the end of step 2. 
This corresponds to 



R = — ^, exp(i^ A^dx) 



a 



0. 



(A.6) 



The relevant world-sheet fields are a scalar field X = {X^ + X/j) representing the coordi- 
nate along 5*^, and a Majorana fermion (ipLyipR) representing the world-sheet supersym- 
metric partner of X. We impose Neumann boundary condition on X and ip: 



Xl — Xn = Xs/2, 



(A.7) 
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where the subscript B stands for boundary value.|^ Besides these fields, there are nine 
other bosonic coordinate fields, their fermionic partners, and ghost fields, but these will 
not play any crucial role in our analysis. 

Let us now define h to be the transformation X X + 2ttR. The h and (— 1)^ 
quantum numbers of the open string states carrying different CP factors are then given 
as in table 3. 



CP factor 


h 


(-If 




1 


1 




-1 


-1 



Table 3: The (—1)^ and h quantum numbers of various open string states at the end of 

step 2. 

Using these rules we can determine the complete spectrum of open strings. In partic- 
ular vertex operator for (T1/2 — 7'_(i/2)) in the 0-picture|7^ is given by: 



This is odd under h and (—1)'^. 

We now use the fact that at -R = (1/v^), a free boson X is equivalent to a pair of 
Majorana fermions {C,,f])- The relationship is of the form: 



,iV2XL 



iV2XR 



(A.9) 



Thus we have three Majorana fermions ^, 1], and tp. We can now rebosonize them as 
follows: 

(e^+^o, (A.io) 



or 



iy/2<j)' 



L 

R ~ 



(?7l + iiph) . 



(A.ll) 



R R 

(J) and 0' are scalar fields. The relationship between the currents in the bosonic and the 
fermionic variables are as follows: 



^rVr ~ dXR, ^RipR ~ d(f)R, r]RipR ~ dcpR . 



(A.12) 



^^For simplicity we shall concentrate on the NS sector states throughout this section, but a similar 
analysis can be carried out for the R-sector states as well. 
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From eg. ( |A.7| ) and ( [A.9| )-( [A,.12| ) we can easily see that putting Neumann boundary con- 
dition on X and il) corresponds to putting Neumann boundary condition on 0,0',^ and 
77: 



iL=iR = iB, Vl = Vr = Vb- (A.13) 
We can now rewrite the vertex operator for the tachyon field in terms of the new fields: 

~ IpB^B ® CTl ^ d(f)B CTi. (A.14) 

Now, ® (Ti can be interpreted as the vertex operator of a constant gauge field Acp 
along 0. Hence it corresponds to an exactly marginal deformation, as claimed earlier. 
Furthermore, A(j> is a periodic variable. Let us denote by a a suitably normalized Acf) such 
that a has periodicity 2. 

We shall now study the effect of switching on At/) on the open string spectrum. This 
can be done as follows: 

• First of all, since / and (Xi commute with ai, we conclude that open string states 
with CP factors /, cxi are neutral under A,j). Thus the spectrum in these sectors 
remain unchanged. 

• Since 

[(Ti,(T3 iiaa] = t2((T3 ±i(T2) , (A.15) 

we see that open strings in sectors 0-3 ± io"2 carry equal and opposite charges under 
A(f,. Thus in these sectors switching on A^ causes a shift in the momentum 
quantization rule: 

p^^p^±-^. (A.16) 

The coefficient of a in this equation has been fixed by requiring that a has periodicity 
2. From eqs. (|A.9|) - (|A.ll| ) we see that under (—1)'^ ■ h, (f) (p + \/27c and 77 — > —77. 



Thus projection under (—1)'^ ■ h requires that in each CP sector, for fixed set of rj 
oscillators, is quantized as 77v^ + a constant additive term, where n is an integer. 
From this we see that shifting a by 2 does not change the quantization law of Pip. 
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Using these rules we can find the spectrum of open strings for all values of a, including 
at a = 1. It turns out that the net result for the spectrum at a = 1 is that in the sectors 
(o"3±zo"2) the GSO projection gets reversed, without any change in the /i-projection. Thus 
the (—1)^ and h quantum numbers carried by various open string states at a = 1 are as 
given in table 4. 



CP factor 


h 


(-If 


/ 


1 


1 




-1 


-1 




-1 


1 


0"3 


1 


-1 



Table 4. The (—1)^ and h quantum numbers of open string states at a = 1. 




Figure 16: Diagram contributing to tachyon one point function to first order in SR. At 
the boundary of the disk we must insert a factor of exp(i(a/2^/^)(Ti / 90b). 

This concludes the analysis in step 3. Note that when we combine the spectrum from 
all the sectors, there is no net h or (—1)^ projection, since all combinations of these 
quantum numbers appear in the spectrum. Thus we can use all combinations of ^, r] and 
ip oscillators to create a state from the Fock vacuum. If we use 0' and as independent 
variables, then from ( |A.11|) we see that all the states are invariant under 0'^ — 0'^ + -\/27r. 



4''r ~^ 4''r + V^TT. Since 0' = 0'^ + 0'^, this effectively corresponds to 0' having a radius 
\/2. This fact will be useful to us later. 
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We now proceed to step 4. This involves switching on the radius deformation and 
taking the R ^ oo hmit. The computation of a correlation function of open string vertex 
operators on a disk for a generic value of R and a involves 

• inserting exp(^^o"i § dcps) at the boundary, corresponding to the a-deformation,^^ 

• inserting exp(C / (PzOXidX^) in the interior of the disk corresponding to the radius 
deformation away from R = 

• inserting open string vertex operators corresponding to external states on the bound- 
ary, and 

• inserting appropriate number of picture changing operators. 



As an example we have displayed in Fig.|16| the diagram relevant for the computation of 
tachyon one point function to first order in 6R = {R — -^). Here Vb ~ e"*-^"*^'?/'^'?/'/? is 
the closed string vertex operator in the (—1, —1) picture representing radius deformation. 



^r) are the left- and the right-moving components of the bosonized ghosts [ffOf, and 
Vt ~ d(f)B ® CTi is the tachyon vertex operator in the (0, 0) picture. This diagram can be 
easily computed, and the final result is that: 

(Vt) oc sin(a7r) . (A. 17) 

This vanishes at a = 0, 1. As mentioned earlier, the a = point corresponds to the 
original D-string anti-D-string pair, whereas the a = 1 point corresponds to the tachyonic 
kink solution on this pair. 

We shall from now on focus on the point a = 1, and analyse the system at a general 
value of R. For general R, and a general correlation function of open string vertex 
operators, we need to sum over all possible number of insertions of Vb = dX^dXn, 
representing the radius deformation in the (0,0) picture, in the interior of the disk with 
appropriate weight factors. Since we have set a = 1, we have to insert a factor of 

exp O^^^i / ^(Pb) , (A. 18) 

at the boundary of the disk. The effect of this insertion can be analysed by shrinking the 

contour integral along the boundary to inside the disk, and picking up the residue at each 

"'^^The coefHcient of a in the exponent has again been fixed by demanding that shifting a by 2 does not 
change the S-matrix except for a redefinition of the external open string states. 
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Figure 17: Diagrams contributing to the open string tree level amplitude at a general 
value of R and at a = 1. The circles denote closed string vertex operators Vb correspond- 
ing to the radius deformation, and the crosses denote the open string vertex operators 
corresponding to external open string states. At the boundary of the disk, there is also 
an insertion of the operator exp(i(l/2^/^)cri f 90^). 

insertion of Vb- The final result is thatjQ it converts each dX^dX^ to —d(j)'i^d(j)'^. Such a 
perturbation corresponds to decreasing the 0' radius. Thus we conclude that increasing 
the X radius at a = 1 is equivalent to decreasing the (p' radius at a = 0. In particular, 
the hmit Rx oo gets converted to i?^' 0. 
If we introduce a new T-dual variable (p": 

0L = 0L, 0'A = Rr = V^0' 1 (A. 19) 

then as i?,^/ —>■ 0, i?^" — *■ oo. At the same time, Neumann boundary condition on 0' 
corresponds to Dirichlet boundary condition on (f)" 

(pi = ~(pR at the boundary . (A. 20) 

The net result is that we have a non-compact bosonic coordinate 0" with Dirichlet bound- 
ary condition along 0". 

Thus we conclude that the tachyonic kink solution on a Dl+Dl-brane corresponds 
to a DO-brane at 0" = 0, where 0" is a new non-compact bosonic coordinate. We can 
compute the spectrum of open strings with ends on this DO-brane by starting with the 
known spectrum at the end of step 3 as given in table 4, and following it adiabatically as 
R,j)/' increases. We saw that at the end of step 3, the combined spectrum from all sectors 
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has no projection, and cj)' behaves hke a bosonic coordinate of radius \/2. Thus 0" has 
radius (l/-\/2), — the same as that of X. As we increase the X radius to some arbitrary 
value R, (p" radius also gets increased to R. Thus the combined spectrum of open strings 
will be that on a DO-brane on a circle of radius i?, with no GSO projection. This is 
identical to the one obtained by modding out the DO-DO pair of IIA on a circle of radius 
R by (—1)-^^, as studied in section |[ 

This shows that a tachyonic kink on the D-string anti-D-string pair of type IIB string 
theory corresponds to a non-BPS DO-brane of type IIB string theory as defined in section 
1^. The fact that the non-compact coordinate is called 0" and not X is not of any relevance; 
all that matters is the CFT describing the system and not how we label the CFT. 

As stated at the beginning of this appendix, similar analysis can be done for showing 
the equivalence of the tachyonic kink on the D-p — D-p pair on llA (IIB), and [D — — 
1) — D — (j9 — !)]/(— 1)^^ in IIB (IIA). Here p is an even integer in type IIA string theory, 
and is an odd integer in type IIB string theory. 

One can also consider a T-dual version of the analysis described here to interpolate 
between a a DO-brane — DO-brane pair situated at diametrically opposite points on a 
circle, and a non-BPS D-string wrapped on the same circle. Running the flow backwards, 
we see that there is a series of marginal deformations which take us from a non-BPS 
D-string in type IIA string theory to a DO-brane — DO-brane pair in the same theory. By 
analysing what background corresponds to this deformation on the non-BPS D-string, one 
discovers that it describes a kink-antikink pairp]. This allows us to identify a tachyonic 
kink on the non-BPS D-string to a BPS D-particle of type IIA string theory. This can 
easily be generalized to show that a tachyonic kink on the non-BPS D-(p — 1) brane 
corresponds to the BPS D-(p — 2) brane in the same theory. Again p is even for type IIA 
string theory and odd for type IIB string theory. 
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